Cooling of the roots was shown here to cause marked and rapid inhibition of leaf growth in wheat seedlings, as in some other species. The root-shoot signal involved in this response was investigated. Displacement transducers were used for the simultaneous monitoring of leaf growth rate and leaf thickness in individual seedlings. Leaf water status was inferred from leaf thickness. Kinetics of changing wateT status were compared with those of changing leaf growth rate in the same seedling. Leaf water status was found to decline markedly beginning immediately after root cooling. This occurs because cooling reduces the hydraulic conductivity of roots almost to zero. Apparent leaf growth rate was extremely sensitive to small changes in leaf water status, and the initial decrease in leaf water status after root cooling was sufficient to cause cessation of leaf growth. Complications arising from leaf elasticity and other sources were considered. Prolonged root cooling caused a sustained depression in both leaf water status and leaf growth rate. The effects of root cooling on leaf thickness and growth rate were completely prevented if water was made freely available to the shoot. It is therefore concluded that hydraulic factors (signals) can explain the short-and (at least in part) the medium-term effects of root cooling on leaf growth rate in wheat.
INTRODUCTION
Cooling of roots has been shown to inhibit leaf growth rate in many species (Milligan and Dale, 1988; Sattin et al, 1990; Radin, 1990; Bolger et al., 1992; Ritman and Milburn, 1991) . This might be important for the rate and uniformity of crop establishment because, during the spring in temperate regions, there can be long periods when air temperatures are high but the soil remains cold . The mechanism of rapid inhibition of leaf growth by root cooling is not clear. Some inhibitory signal must be transmitted from the cooled root to the growing leaves. Various workers have discussed the possible involvement of plant hormones such as abscisic acid (ABA) (Smith and Dale, 1988; Milligan and Dale, 1988) but recent work has shown that leaf growth can be severely inhibited within 2 min of root cooling . Such rapidity precludes the involvement of known plant hormones, at least initially, and the operation of an hydraulic signal seems more likely. The simplest explanation evokes the well-known reduction in root hydraulic conductivity caused by cooling (Bolger et al, 1992) . This, in a transpiring plant, will lead to a reduction in leaf water status. The associated decrease in turgor O Oxford University Press 1993 pressure in the growing cells would directly inhibit leaf growth. However, the highest resolution measurements to date have revealed only very small (c. 005 MPa), slow, and transient effects on leaf water status in response to cooling of the root in Phaseolus, even though leaf growth rate decreased abruptly . These measurements were made by periodic (destructive) sampling with the pressure bomb and, for practical reasons, the temporal resolution and replication were limited. It is, therefore, not clear whether hydraulic effects are sufficiently large or rapid to account for the marked inhibition of leaf growth which follows cooling of the root. Other signals could conceivably be involved. For example, Gunar and Sinyukhin (1963) showed that cooling of roots induces rapid electrical activity in leaves of some species. Direct thermal signals could also play a role.
After some hours of root cooling in Phaseolus, Dale et al. (1990) reported that leaf water status recovered fully, but leaf growth rate remained low. From this, it was concluded that changes in leaf water status cannot account for the longer term effects of root cooling. Increases in leaf ABA levels have been noted after pro-longed root cooling, and these could be responsible for the sustained reduction in leaf growth rate (Smith and Dale, 1988) . This paper describes a non-destructive high resolution transducer technique for simultaneous measurement of the kinetics of change in leaf water status and growth rate, in the same individual wheat seedling. This approach permits a detailed assessment of the role of hydraulic factors in the rapid inhibition of leaf growth by root cooling. Preliminary data have been presented (Malone, 1992ft) .
MATERIALS AND METHODS
Wheat {Triticum durum Desf. cv. Iva) seedlings were grown hydroponically in aerated nutrient medium as previously described (Malone, 1992a) . Seedlings were used when the second leaf was about 150 mm in length, measured from the seed. They were then about 20-d-old. Leaf thickness was measured using a set of eight counterbalanced displacement transducers as previously described (Malone, 1992a) . Blank transducers were always included to identify thermal and mechanical interference. These were mounted on the same frame as the experimental transducers but they contained no leaves. During some experiments each individual shoot, or the entire transducer assembly, were enclosed in clear polythene bags. This virtually eliminated transpiration, as indicated by the observation that leaf thickness did not decline for a considerable period after excision of the roots (not shown). The polythene bags themselves exhibited no detectable change in thickness during the experiments (not shown).
For simultaneous measurement of leaf growth rate and thickness, seedlings were clamped just above the seed, to the transducer frame. The first (oldest) leaf of each seedling was placed under a transducer for measurement of leaf thickness. The third (youngest) leaf of each seedling, which had 30-60 mm of lamina protruding from the leaf sheath, was attached by thread to a metal arm leading to a second transducer (Fig. 1) . The metal arm was counterbalanced to apply a tension of 002N to the leaf to keep it straight. Changes of ± 50% in this applied tension had no effect on the steady-state growth rate (Fig. 4 , final treatments). The thread was attached to the leaf tip using cyanoacrylate ('Superglue gel', Loctite, Welwyn Garden City, UK). Further spots of this gel applied near the tip of the leaf during experiments had no effect on leaf growth rate (not shown). Leaf thickness was recorded as an average value each 30 s. About 1500 individual determinations contributed to this average. Leaf length was recorded in a similar manner, and growth rate is shown as a 3-point moving average of the difference between successive values of length. 'Growth rate' measured by this technique will incorporate some elastic effects (see Discussion). The elasticity of the actual growing region of the third leaf could not be measured because of complicating growth effects. Instead, elasticity was determined in the nongrowing distal part of the lamina of the third leaf. The leaf was clamped above the growing zone, at the point of emergence of the lamina from the leaf sheath, so that about 30 mm remained free. Changes in the length of this portion were monitored as plant water status was altered by addition of mannitol solution to the root medium under non-transpiring conditions. The water potential of aqueous mannitol solution was estimated from the assumption that 1 molal mannitol = 2-44 MPa. Temperatures over the range used here affect this relationship only slightly (Wyn Jones and Gorham, 1983) . Trials with the pressure probe (not shown, technique as in Malone and Stankovid, 1991) showed that replacement of aqueous root medium by 0-5 MPa mannitol solution reduced the turgor pressure of leaf epidermal cells by about 0-4 MPa in these plants.
During transducer experiments, the roots were placed in a shallow tray of flowing medium (tap water ± mannitol). The entire root medium could be changed abruptly. On cooling or warming, the root medium approached to within 1 °C of the target temperature within 10 s and was then regulated to ±0-5 °C. Air temperatures were 23±2°C in all experiments and, unless otherwise stated, dim fluorescent lighting was used (c. 30 nmo\ m" 2 s~1 PAR). All experiments were repeated at least five times, with at least three seedlings each time. Means or representative examples are shown.
RESULTS
The dual transducer technique used here (Fig. 1) permitted dynamic measurement of leaf thickness simultaneously with leaf growth rate in the same seedling (Fig. 4) . The thickness of leaves can closely reflect their water status (McBumey, 1992; Burquez, 1987; Meidner, 1990) . In wheat seedlings of the type used here, the relationship between water potential and leaf thickness is almost linear over a considerable range (Malone, 1992a) . The kinetics of changing leaf thickness are almost identical in different leaves on the same individual seedling (Fig. 2) , i.e. the shoot in these seedlings behaves as a single hydraulic unit. Therefore, change in the water status of the growing leaf can be inferred from change in the thickness of leaf 1 of the same seedling.
Leaf length will exhibit elastic changes as well as those associated with growth. The magnitude of elastic changes was estimated by monitoring leaf length while altering plant water status (Fig. 3) . For a given increment in water status, the absolute change in leaf length was about 3-fold greater than that in leaf thickness. However, the reach of tissue contributing to change in length was about 100-fold greater. The longitudinal bulk elastic modulus is, therefore, orders of magnitude greater (more rigid) than the transverse ( 
Effect of root cooling on leaf growth rate and water status
When the hydroponic root medium at 22 °C was replaced by similar medium at 8 °C, the apparent growth rate of leaves of wheat seedlings declined dramatically (Fig. 4, thin lines) . Simultaneous measurements on the same individual plants showed that leaf thickness (and therefore water potential) also declines markedly after root cooling (Fig. 4, thick lines) . The magnitude of the decline was much greater than that induced by addition of 0-8 MPa mannitol solution to the root of the same plants (Fig. 4) . When the temperature of the root medium was restored to 22 °C, there was a rapid recovery in leaf growth rate (Fig. 4) usually with an overshoot, as in Phaseolus . The recovery in growth rate of wheat leaves was matched by a corresponding rapid recovery in leaf thickness (Fig. 4) , but there was no significant overshoot in leaf thickness.
Changes in leaf water status imposed without cooling, by addition of 0-8 MPa mannitol solution to the root, also caused marked decreases in both growth rate and leaf thickness (Fig. 4) . Application of dilute mannitol solution (e.g. 01 MPa) to the root caused only very small reductions in leaf thickness, although leaf growth rate was clearly reduced (Fig. 5) . The effects of mannitol on both-leaf thickness and growth rate were freely reversible, as were those of cooling (Figs 4, 5) . Endo-, and exo- osmotic flows occurred with very similar time-courses (Fig. 7) indicating little or no rectification of water flow across the root or into the shoot.
Close coupling between leaf thickness and growth rate was particularly obvious during periods of oscillation in leaf water status (Fig. 6 ). The oscillations usually followed an abrupt change in the environmental conditions, and they probably reflect oscillation in stomatal aperture (Weyers and Meidner, 1990) .
Estimation of the change in hydraulic conductivity induced by root cooling
Wheat seedlings were enclosed in polythene bags with only their roots protruding. Transpiration was then negligible, so that change in leaf thickness should reflect water flux across the root, at least over the short term. Such flux was induced by addition of mannitol solution to the root (Fig. 7) . After equilibration for an hour or more the mannitol solution was replaced by water at 22 °C, and there was a rapid recovery in leaf thickness (Fig. 7) . When root mannitol was replaced by cold water (8°C) leaf thickness recovered slightly during the first few minutes, but then became constant at a level far below the original (Fig. 7, treatment 4) . Thereafter, leaf thickness remained (ZBTO growth rat*) Fio. 6. Spontaneous oscillations in leaf growth rate and thickness. Simultaneous measurement of leaf growth rate (thinner line) and thickness (thick line) in an individual wheat seedling. The roots were in water at 22 °C throughout, and no treatments were applied but, about 20 min before the start of this recording, illumination of the seedling was increased from about 30 to 150/xmol m" 2 s"'. Vertical lines are drawn through growth rate maxima to facilitate comparison with thickness. low for at least 1 h. Thermal equilibrium across these thin roots (< 1 mm diameter) will be very rapid. When the cold water was replaced by warm water (22 °Q leaf thickness recovered rapidly to near the original level (Fig. 7, treatment 5 ). Leaves treated in individual polythene bags often exhibited a gradual decline in their maximum thickness throughout the experiment (lower two lines in Fig. 7 ). This decline was not apparent in the blanks nor in experiments in which the entire transducer assembly was enclosed in a polythene bag (Fig. 7, upper) . The cause of this decline is not known but it was small compared to changes induced by mannitol and it was therefore ignored.
Excision treatments
When the tip of one leaf was submerged in water and then excised under water, the effect of root cooling on both leaf growth and thickness was prevented or reversed (Fig. 8) . These 'submerged-excision' treatments provide the shoot with an alternative source of water from which absorption can be rapid (Malone, 1993) . The effect of Fig. 4 . Prior to recording, the tip (about 10 mm) of leaf 1 of each seedling was placed in a small chamber. Submerged excision involved filling this chamber with water, then excising about 5 mm from the submerged leaf tip using a razor blade. Submerged excision ('sub. exc.*) of one leaf was carried out before (seedling 1) or after (seedling 2) root cooling. Other treatments were applied at the times indicated by the vertical lines: (1) Root medium changed from water at 22 °C to water at 8°C. (2) Tip of leaf 1 ( = site of submerged-excision) removed from water. (3) Roots excised completely at about 15 mm below the seed, by a submerged cut under the cold water.
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excising the root under cold water was also examined. This caused a rapid recovery of both leaf thickness and leaf growth rate (Fig. 8, treatment 3) . With this treatment, cold water from the root medium must have flowed rapidly into the shoot, to swell the leaves, but it did not inhibit leaf growth.
DISCUSSION
Cooling of the roots caused marked inhibition of growth in leaves of wheat seedlings (Fig. 4) , as in Phaseolus . To determine whether an hydraulic mechanism can account for this root-shoot signalling, the change in leaf thickness which follows root cooling was monitored at high resolution. Leaf thickness varies with leaf water potential, at least in the short term. Transducer measurements of leaf thickness are difficult to calibrate in terms of absolute water potential, but they offer a number of advantages for dynamic monitoring of tissue water status (Malone, 1992a) .
Root cooling greatly reduced leaf water status in wheat seedlings (Fig. 4) . Such a large decrease, more than that caused by 0-8 MPa of root osmoticum, will greatly diminish leaf cell turgor and would thus be expected to inhibit leaf growth. The maximum reduction in water status found here is an order of magnitude greater than that reported from Phaseolus (006 MPa in 30 min; Dale et al., 1990 ), but it is not clear whether this difference originates from the species used or from experimental procedures. The maximum depression of wheat leaf water status is not reached until some 30 min after root cooling (Fig. 4) . In contrast, apparent leaf growth rate was almost completely inhibited within 2-5 min, when leaf thickness was only slightly reduced (Fig. 4) . However, tests with mannitol solutions demonstrated that apparent leaf growth rate was highly sensitive to small changes in leaf water status (Fig. 5) . This is also evident from the very close coupling observed between growth rate and thickness during spontaneous oscillation (Fig. 6) . Two factors which could amplify and accelerate the apparent change in growth rate caused by rapid change in leaf water potential should be considered. First, thicker wheat leaves have longer half-times for swelling than do thinner leaves (Malone, 1992a) . The growing region of the third leaf is considerably thinner than the mature lamina of leaf 1, and hydraulic changes will therefore develop more rapidly in the growing zone than in leaf 1. This factor might explain why the peaks of apparent growth rate slightly precede those of leaf thickness in Fig. 6 . A similar effect might arise independently of tissue thickness if those cells that determine growth rate are situated immediately adjacent to the xylem, where they would be influenced by a change in xylem water status well before the bulk of the leaf. These effects will b»; small because the half-times for swelling do not exceed a couple of minutes even in the thickest part of the wheat leaf (Malone, 1992a).
Second, elastic changes in leaf length will occur when leaf water status is changing. For example, since negative growth is impossible by definition, all instances where apparent growth rate fell below zero (Fig. 4) indicate elastic interference. The magnitude of elastic effects were estimated (Fig. 3) . Elastic change in leaf length can be plotted as a rate, in the same way as for growth, and they are then seen to be small compared to the observed changes in apparent growth rate (compare rate plots in Figs 3 and 4) . Note, however, that elasticity of the growing zone itself could not be measured (see 'Materials and Methods') and it might be much larger than that of non-growing tissue. If so, the effect of any change in leaf water status on apparent growth rate would be exaggerated transiently. This could explain much of the immediate effect of root cooling (and re-warming) on apparent leaf growth rate. Elastic effects will be important only during rapid change in leaf water status (Fig. 3) . They cannot account for the sustained changes in growth rate observed here after cooling of the root. Elastic effects were not discussed by Dale et al. (1990) , but they are likely to be present in their measurements of 'growth rate' in Phaseolus leaves, and in many other measurements of 'growth rate' in plant tissues (Serpe and Matthews, 1992) .
From the extreme sensitivity of apparent leaf growth rate to small changes in leaf water status, and taking into account the above two factors, it is concluded that the change in leaf water status induced by root cooling is sufficient to cause the observed inhibition of apparent leaf growth rate.
Extreme sensitivity of leaf growth rate to leaf water status is normally interpreted as indicating that the turgor pressure of the expanding cells is close to their yield threshold (Y) (Tomos, 1985) . However, because of uncertainty about the contribution of elastic effects within the growing zone, such a conclusion cannot be justified from the rapid effects shown here. Over tens of minutes after treatment, when elastic effects become negligible, growth rate was clearly sensitive to leaf water status (Figs 4, 5) . Nevertheless, there were occasions when the two tended, slightly but persistently, in opposite directions (Fig. 4) . This might reflect metabolic regulation of Y (Okamoto et al, 1990; Green et al, 1971) . The sudden partial recovery of growth rate at about 1 h after root cooling (Fig. 4 ) may indicate where leaf water status recovers sufficiently for cell turgor to exceed the prevailing Y.
Cooling is known to reduce root hydraulic conductivity (see 'Introduction') but it is surprising that root cooling reduces leaf water status as dramatically as observed here (Fig. 4) . For example, Dale et al. (1990) estimated that cooling should induce only a modest and gradual decrease in leaf water content in Phaseolus. The mechanism of the effect in wheat was therefore investigated in more detail and two factors are noted which may amplify the effect of root cooling on leaf water status. First, there is likely to be an early hydropassive effect on stomata leading to transient acceleration of transpiration after root cooling. This occurs because when leaf turgor begins to decline, stomata are distorted more open as the back-pressure from neighbouring epidermal cells falls (Raschke, 1970) . Second, the reduction in root hydraulic conductivity (L) on cooling in wheat is much greater than was previously supposed. Dale et al. (1990) assume a 50% reduction. Bolger et al. (1992) and references therein, estimate reductions of up to 80%. However, Fig. 7 shows that in wheat, the reduction in root L approaches 100%. L can be estimated from the slope of the relationship between the magnitude of the prevailing gradient for water flow, and the rate of that water flow. In Fig. 7 (under nontranspiring conditions) the rate of water flow across the root is given by some function of changing leaf thickness. Leaf thickness became constant shortly after the roots were transferred from warm mannitol solution to cold water (Fig. 7 , treatment 4) and net water flow across the root must then have been zero. But the driving gradient for water flow at this time is not zero; it is up to 0-5 MPa because the roots have just been transferred to water from their previous equilibration in 0-5 MPa mannitol solution. Therefore, since there was a driving gradient but no flow, L must have approached zero shortly after root cooling. This enormous reduction in root L, together with the transient acceleration of transpiration (above), explains why the water status of wheat leaves decreases so sharply after root cooling.
Relief of osmotic stress by cold water can have peculiar effects on membranes (Kasamo and Shimomura, 1981) . However, the level of osmoticum which causes these effects is substantially greater than that used here. In addition, replacement of the cold water by warm caused a rapid and complete (or nearly complete) recovery of leaf thickness (Fig. 7) . It is therefore concluded that these treatments caused no significant damage to the root membranes. This also indicates that no significant mannitol enters the xylem during the experiment.
The effect of cooling on root L persisted for over 1 h in cold water, but it was reversed rapidly when cold water was replaced by warm (Fig. 7, treatment 5) . Evidently, the temperature-induced change in root L occurs within a couple of minutes. This may represent the time required for changes in fluidity within root membranes (Wolfe, 1978) .
In Phaseolus, leaf water status was reported to recover after a few hours of sustained root cooling, whereas leaf growth rate remained suppressed. It was therefore concluded that factors other than hydraulic must be involved in the longer term effects of root cooling on leaf growth rate . In wheat, however, leaf water status remained depressed even after prolonged root cooling (Fig. 4 and recordings up to 5 h; not shown). Also, the recovery in growth rate on re-warming was always associated with a matching increase in leaf thickness (Fig. 4) . It is thus likely that in the wheat seedling, the medium term effect (hours) of root cooling on leaf growth rate is, like the short-term effect, mediated by hydraulic factors.
Cooling of the root could lead to cooling of the growing zone of the leaf, as cold water is drawn up with the transpiration stream. Such a temperature signal could be involved in the remote effects observed here. This seems unlikely because significant declines in leaf temperature after root cooling could not be detected using miniature thermocouples inserted into the leaf sheath (not shown), nor by BassiriRad et al. (1991) in cotton. Moreover, Fig. 8 shows that when entry of cold water into the leaf was promoted, by excision of the root under cold water, leaf growth rate was accelerated rather than decreased. This indicates that hydraulic factors are far more important than remote temperature effects in this regulation of leaf growth rate.
Finally, if hydraulic signals are sufficient to account for the influence of root cooling on leaf growth rate, it should be possible to eliminate the effect of cooling by providing the shoot with an alternative source of water. This was found to be the case. Submerged excision of a leaf tip, which furnishes water directly to the shoot (Malone, 1993) prevented or reversed the effect of root cooling on both leaf thickness and growth rate (Fig. 8) . Subsequent removal of the cut leaf tip from water reinstated the usual effects of root cooling (Fig. 8) . These findings support our conclusion that hydraulic factors alone account for the signalling of root cooling to the shoot of wheat seedlings.
